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Fig. 1.1 Situation of advanced control system for industry [6] 
YZR<]oﬀ` PID d0e].OEPQ!R9`7ëìd0eê)+](k`%
ﬀL+ 8 ﬀ9qﬂﬁu0s
`:*ﬀY
3"º%]M{rEÁ!ZR<ﬀs9`deÔ"	ﬀﬃ   dﬀeqB	Oi 0 ﬃjkO
w"! o:(ùiä<Ú]Â$#ﬀVoJvÇÆ 	å$%O$! Æ =_ jkPl+ñq'&(° 0tﬀÒf [7]-[15] 
(*)
ìív<]MWXﬀP+0deﬀ 
jkHO w j-,/.O w q&ﬃ°¶0Dt0Òf [16]-[18] D
d0e§"%$].- Uﬁmq PID d0eﬀÔ]ﬀ¼¶w &p `0$1L:Ñ32m
1-4 ~8sﬃ`+*  
 
YM
3»º¢]EëEìdeê)qH	f 0(ÑEO	dﬀe<ê)m
5È	é q.2ý0+ﬂtEÙ
Sﬃëìd0eê)mq$67E0DBI]{×0Ì	ﬂMt MNﬃS#

  g»uiUÔ9
d
e	vÕÖ<](kﬀ0D MÙ'	0 ,Q0:%.Ê
BÅ&ﬂé+L*8´0Ds0s(¦L)" ﬃÙ	

L MNﬃSﬃ]'9

!R<]
U¢s¼½<]E)	`+*  
 
Ê"Y+'ﬃMoÙLEH .8ﬀ{r#qH;:¿0t39	r0à<sﬀde<vÕ	Öq{Ñ0s
UYDL!m
3< % E0D)L8sﬃ`+*
1  )  6
1.3    	    	    	    	    
 
	)*
'	

 %gM»&0iuUÔ
(Ti¶ UVÍ0OPﬃ$NﬀOP+QR%STU
V =	><
?r$@\	LA$BQ!R	sﬃ`ﬃº%»¼uWO<lSTMUVm](kﬀ0Ìﬀ! J CJ+ ¦
]MÁRu`DbTÑüm]DìRDtz$D&d0e	vÕÖﬃq^ﬀYB0sﬀç0Ä®Æ çﬀÅ& ÈÊﬀd0e#q
{EÑﬀ`YHqm"%$#'`+*  
 
devﬀÕÖ+]Ek0 	0M
»4
r
C
O	N0WO+lﬃ'BVﬀX:Rﬀsm` PID deÔ


  gM»A0iHUÔ#
MdeÔ 0	 P-PI de§Eo©:R#`%È+ÊPO	¿Eçdﬀe´ÄÅ
PO¿Eç Æ
è
adﬀeﬃJt	ﬀ P-IP dﬀe§Eo©:R#`¢È+ÊﬀPO¿(çdﬀe´ÄÅPO
¿
è
a®Æ¯ﬃçd0eﬃL'FG$')	`~ﬃq7OiE0DﬀMd0e§"HF#q{(Ñﬀ`tﬀ].=(_#j
kDPmlMMd0eﬀÔq&°¿0Dtud0e	vﬃqDVIﬀ`J¢s¿º7YHq;G `+*3YZRA	0:MN
ì	rM<
 PID dﬀeÔ9LEÊ
JJ?	rA'	ﬂ`ut	03&ﬃ°¶0 tMd0eÔ
:xEa+
ﬃ;	

{×A'M{EÑ	LÂﬁ ~	`Y$	Md0eﬀÔ9
H09](kﬀ0D
K|-LqM?rQ0$s
¢s¿º7YHqmKM
&Y}')	`+*  
 
Jt)*3'	:ý0sos$NEümL-O3Ï'&(° 0tdﬀeÔLdﬀe+vﬃ]3PﬀÎÏ#q
Q
KM0DJ83%EÊ
d0eﬀÔq z_(©00{*R+
)	`Ì
ud0eﬀÔ (P-PI d0eﬀÔ , Jt	
P-IP deÔ ) 
HVÓ 7%ÊﬃRAÌ
uT0éﬁ<LS 4 R`<Ìsýº7Y%HMN(Sﬃ
:Ñ
 o'

  g»uiUÔ9
d0e#q`BÒ]E	0\ﬃﬂ?A5~`UTX R9`+*  
 
Y
&º%]0deéﬁ<
ﬂ:ﬃq-V+`ut	]u<
 PID deÔ q.Oi0 tMde
vÕÖﬃq^ﬀYBQº¢sº'¼ﬀ¿<gOp	0ﬃﬃ¢
Aﬀº$ê W]o&  MNMìr\ﬃﬂ
&(L)	`%
9'mKMsﬃ`+*  
 
 
 
1  )  7
1.4                
 
ﬀ)0*
m"'$	

  g»HiDUÔ&'}V&XBRus<`OﬃP$E  T(iQUﬀV ﬃ0¢u
NuOuPQmR STHUV º »ﬀ¼WOl STHUVmqXYu&YŁR
4

ST0×Ê]ÁRH`¢èZ
$EbTﬀèué+]ÌE¡´0¢tHduevMÕÖ
D<qDm`EYà'E)`.*  
[
H$]ﬃ	  
 
• NuOuPQ9R STUVLH0m`+«bTMY  due0Ôﬃ]&\m`=_9jk¢P+lu
] Ì

kDï9qDduev
'^Łé<
+¦
ﬀ4_3`
0%Ao çuÄÌÈÊ0<ﬀq {ﬃÑ0m`¢deÒ0f<q
V	I0m`.*  
• !
4
 ` çuÄ Æ¯ç 0ÅÁ	La"UcbJ+RMs<`<º'»¼WO	l ST+q0lOEÞmo9% m`
F GﬃH IJM×ÊﬃK HU(L+]^s0MWO	luJt(	¢UEL<
bT

ﬀ»ÔÚﬀqD-:´0
ÐﬀÄ
ﬀ4
çuÄJﬃ'Mç 0ÅoÌÈÊ0<ﬀq {ﬃÑ0m`¢dueÒ0f<q¢V	I0m`.*  
 
Yq+"'$9ﬃ0¢Ms<`.*  
 
ﬀ)0*
DVﬀÓﬃqà2ﬀ*)M*A	~£ 5 ' VﬀÓ!>R

2 'E	ﬀNuOPQ9R STHUV
è0	
(« bT duev
]<
ﬃkÌï
ﬀ4
duevMÕﬀÖ
'^ŁBÁ+]km`¢ﬀ0^&MdﬀMç
ÄÈÊ0ﬀq {Ñ0m`%devMÕÖ]k30%.2´0%u^ 

3 'E	º'»¼WO	lDST
UV+]k&0¢0ÐﬀÄ(iQ ]^	_ﬀ`<º'»¼WO	lu
½¾ ºHoÌ¿P].ÎÏHﬃ` ÈÊ Æ ÄMÅ
ÚÛMqDc0dm`%duevuÕﬀÖ

4 E'E	u#º'»ﬀ¼HWO	l S0TUV<]k30%M0ä0OåP

ç7°ÑﬀÄ0T( ]ÁRH` U	æ
b0T+qDc0d0%0çÄÈÊ0ﬀq {Ñ0m`¢devMÕÖqà2
*

5 'E	uHﬀ)0*ﬃqe-f´0%Hﬀ)0*
Üﬀ)+qZ2ﬀ*  
 
E¾]uB=
D,-qZ2ﬀ*  

2 'E	ﬀNuOPQ9RSTUVﬃqDﬃ`

§ g»HiDUÔﬃ
due0Ô 0¢'ﬀr$
V3X+RMs+` P-PI dMeÔ9]g OMhijkÌPﬃl (Low pass filter g LPF) 	noÌpjﬀk¢Pﬃl
(Notch filter g NF) qZú;+¡oX7#	to%
ﬀ]k30¢UVè0	
(«bT  dMev
]<
ﬃk
1  )  8
ï
ﬀ4
devMÕﬀÖ
'^ŁBÁ+]kﬃ`¢ﬀqÌw*h3i<]B8Mu^3Y7sﬀ&Y
duev	]kj 
jk¢P+lﬀq+.°m`'_+'MçuÄÈÊ0<ﬀq {ﬃÑ0m`¢duevMÕÖ	]k30¢.2ﬀ*  
 

3 'E	º'»¼WOl STUﬀV+]k&0¢0ÐÄ(iQ ]-lD! Z` AC
C
ONW
O	l0]^0sVEJ$] zm0m`EY¢L

0 s½¾ ºoÌ¿P]B8uÁRH` ÈÊ Æ ÄMÅÚ
Û0qH Ú
 P-PI dMeÔm]ÌÈÊ Æ ÄÅ<ÚÛ¢cﬀdr	
Hdue0Ôq& °m`Yà'ﬃÊ
 Î
ÏﬃqÌÐÑﬀm`EY¢LMÂ ﬁ Z `EYqZ2ﬀ*  
 

4 'E	º'»¼WOl STUﬀV+]k&0¢0MçÄ(iQ%]n¶º äMOåP	
ç7°ÑﬀÄ0T
]HÁR` Uæ
HbT+q cdﬀm`Ht]uU	æMbﬀT+qBsﬀi - åpDh - ©MQ('BP´0ÌtYZ
W0XMPﬃqE%D] 2 
jk¢P+lqÌÕÖ"0%0çuÄHÈÊ0<q {ﬃÑMm`¢duevMÕÖ	]:k&0
oﬀﬁH[\{0|]MÊ
0mqZ2ﬀ*  
 

5 'E	Hﬀ)M*ﬃqe3f´0%Hu	]B8MS
4
RtÓM	»!$RtM!ﬃ]Hs
Jm `.*  
 
ﬀ)0*
ﬃ?~@A	Hs ,(R
%ŁMEÙ
HaªÌ]B8M AXBRt%
'()`.*AY 
HaªÌ
	pq+
r*sﬃ`BùMi0äÚdue(ø#t'uZ:ðò$^v	wHU  xyz*{  |-}~l

Ñ
2<3$ﬃ\EÙMENêK:Ùx  w-Ú3oKÙ-   D
ﬀﬃ'Eá!ŁRMs<`  

 
g%[ﬃðE#m`Ł;a+ð	LBOﬀi9Zﬃ8MMs<`7*AY
[-ﬃðA	  M(N:S'zﬀr»!>R
s+`

  gu]iUﬀÔm
HdMev	
Hêﬀ)Më<qﬃ" $(0ÌtA%H
ﬃ' 1989 Ã
4
	ﬃR
J" .Ã 4 d
'Oﬀiﬃ'(áQ!>R Ñ2A'E	

63 d

2004 Ã 12 ﬃÑ2<q%YmK`
Jﬃ'mZﬃ8MMs`.*pqo	u$:ðò*^3v	w'; 1996 ﬂ ¡  28 ¢
£¤¦¥§¨©ª*«;¬®­¯
°ﬂ±M	ﬂ²³´µ3¶¸·=¹º$»
¬®­£¤¦¥§¼;½¾
-¿
ÀÁ;Â3Ã$Ä
²-Å'Æ Çc;ﬂ²È	ÉÊU¹ËÌ²Í;Î33Ï/Ç'Ð  
 
Ñ2 Ò ÓÔUÕÖ$×"ØMÙ'ÚÔÛcÕ3ÜÝÞßHàMáâã-äåHÕ-æç=èé  9
2 
 
      	      	      	      	 
   
   
   
                  
                                          
 
 
êëìí®îïð
$ñ òóÆ Ç
£¤¦¥§'¼;½¾$ô3¾-õ;ö
²¶Ï$3÷øúùû÷üýþMß 

òË3Æ Ç²¹	

ë
½
ÀÁ
¿÷ﬀﬂﬁﬃ~ Ê"!ÊþÇ'Ð 
¬

þ
­
¹
êëì;í®îïð
$ñ/$#%!&ó'
ð
²(ﬂ·=¹
ÀÁ
¿÷)*
£¤¦¥§¼
½¾$ô3¾3õ;ö
ò,+%-.²0/%1ò02	3Æ465	%7;ÇÐﬂ8:9:;¹
êëìí®îïð
$ñ/²¶
<
ÇM°%=>
À
:

ì?
Ã$Ä
 -Ë/ò@BA®Æ ÇÐ3ÏDC"!
¬
°=)>
À


ì?
E)F
G%H
I'
ðJK6L


ì*?

Ã$Ä
ò,MNkU¹ MNPO"QSR

ì?
Ã$Ä

êëìí®îï-ð
õ
ë:T'ì
Mß 

F-$»%U$VWòﬂX)Y~²Æ Ç
¯
ò
¨%Z
U¹º$$[\ ò^]_Ç'Ð  
 
2.1                
 
`a%bcde
 f	ghSiþkj
£-¤ ¥=§¼½¾
$¿l;S-¹*÷-ø ù ÷-ümþ
ð
h.
Y)noDO"Q;Ï/Ç'Ð
`ab)c:d)e
 ﬂ²¶Ï$% ¹$F-$»U$VW	pq6r%sﬂ²t u)/
1*Æ ÇﬂR

¹*ñ
ÀÁ
ò,vSw5	x$y	R
Ã$Ä
zn;þ${6|MþÇÐ
¯
Q
­
M¿ ²¶-Ï
-¹ }~SA$þ k·"$ñ² 
ë	ê)-ë	?

êëìí î
òÎ)R
ïð
$ñﬀ%7	Ç'Ð
¯

êë
ìí®îï-ð
$ñ*¹*¢ )
ë	êë	?
²(~·
ï-ð
O"Q	¹
ë	?
 ~²ﬂk·
<
­
Q
3Ï/Ç^Łﬀ%
ë:
²(~·=¢ mﬂ /ò,®Ç'Ð
¯
R

ÀÁ;Â
¹6
½$§
ë% ì
ë:
ñkMþ;Ç'Ð
¯
(þñ	;% ¹*
§$
ë
ôD
ﬂﬂÆ ÇﬂR

¹ﬂ/'°6'
òó*Æ Ç,45²¶*Ï$*¹6 ﬂþ¡6¢
ÀÁÂ
òMñ$Æ%Q	£ﬂ+%-þ ¤6.þÇ [19] O"Q
3Ï/Çﬂ3¹-÷ø ùû÷üm6 ò

ë¥
½
ÀÁ	Â
;Ë3Æ Ç²¹-÷Ï
ÀÁ
)*3ò
Ñ2 Ò ÓÔUÕÖ$×"ØMÙ'ÚÔÛcÕ3ÜÝÞßHàMáâã-äåHÕ-æç=èé  10
Ã
-3Æ Ç§¦:n:7®·=¹)%¨	²i/°6'ò0©ª$Æ ÇﬂR

¹
Ã
-%;S«$Ç
ÀÁ
)²
¬:­
%7;Ç [20] Ð  
ê-ë-ì~íÊîcï$ð
;ñSi°'² ﬁ*¹®
T¯*ë
²ﬀ(· ;ñ'
ð
ò°- ¹
±²


ë³
½
²	(~·´F	-$»:U	ò^VW$Æ ÇÉ
H
[21] %7Ç'Ð® ¬ U¹
ê3ë3ìí îï
ð
	ñ/ﬀ(c²¹ﬂªSpÆ Ç,'
ð
ﬂµ%¶	;%7Ç [22] 45ﬂ¹ﬂµ:·ﬂ

ì?
ò¸S¹*Æ Ç
G%H
 qº»%¹
¬
; ¹SA;7;Ç'Ð¼
0½


ì?
ò,¹	Ï6Q	£¹-÷¾¿6SÀ)Áﬂ°'ﬀ>
À
;«	Çﬂ¹ß
KÂ
Qﬂ²	(~·ÄÃ/$¾%¿6*ÅÆ¥O§QÇ [23] 45ﬀ%7 ·=¹
êëìﬂí îï*ð

ñ/	(²^~°'ò0#:!
ÂÇ
$È¹	^/:

ì?

Ã
- IÉlÊ
£
ë	?
E6Fﬀ$¦
nÊMþÇ'Ð  
8ﬂ	;S-¹
ê-ë-ì~í îcï$ð
;ñ ²3¶$Ï;*¹ %°' ò$>
À
Æ Ç R

	%

ìl?
ò
Ã$Ä
ÆÇ'Ð qº6Ë/²ﬂÌPCÄxﬂQ;3Ï~Ç¼
½


ì?

§
ë
É
¾


ì?
 2 ÍÎ
S

ì*?
ò0ÏÐk0R 465/²¶Ï*-¹	¼
0½ÑﬂÒ
¾¿6ﬂ¹
¤

¥
®ﬀ0¾¿) ò^ÉlÊ
£
ë
?
0RM%i%'
ð
ﬂ>
À
r\² !Ï$Ó*ÔU¹	

ì?
E6F®ò¶
¯
þPÐO
­
²'
ð
ò^>
À
ÆÇ

ì?
ò$Õ´µ0R
ÀÁ
H
ò0MNU¹
¯
Q
­
É
H
ò0È¹ 0R$«$r6\ò
Ö~²(~·
¨%Z
Æ Ç'Ð-º$ﬂ'
ð
>
À
r\²-Å
J×6Ø
ò^¹	Ï$ ÙÚ-Æ Ç'Ð  
8:9²¶Ï$-¹ MN$Æ Ç
ÀÁ
É
H
Û
ìDÜﬀÝB
ö
¶(,Þ$¹º$ Ö
¨%Z
[\² !*Ï$
]_Ç'Ð 2.2 ßﬀ;¹
êëìí®îïð
*ñ/&ó'
ð
 ò0~*Æ6%à
áìâ
ÆÐ 2.3 ßﬀ;
$MN$Æ®Ç
ÀÁ
¿ 
Ã$Ä
G:H

À3Á
Û
ìDÜ*ÝB
ö
ò
â
ÆÐ 2.4 ßﬀ;%ﬂÖ~²	(-ÇMN
H
'ór.ò
¨%Z
Æ Ç'Ð)ã
¬
$[\ò:;M² 2.5 ßﬀ; ÙÚ	¹ 2.6 ßﬀ;ﬂ8%9;ä 

ò
]_Ç'Ð  
 
Ñ2 Ò ÓÔUÕÖ$×"ØMÙ'ÚÔÛcÕ3ÜÝÞßHàMáâã-äåHÕ-æç=èé  11
2.2       ! " # $ % &      ! " # $ % &      ! " # $ % &      ! " # $ % &   
 
8Sßl;ﬀ
ê$ë*ìí îï;ð
ﬂñ 
À$Á/Â	ÃﬂÄ
²¦*nþÇ
ê*ë$ìíkîUïð
õ
ëﬀT-ì

áì
 ò^å~Ï	¹	æ
áì
òñç*Æ ÇÐ Sà
áì
-¹
ê-ë-ì~í îcï$ð
õ
ëTì
è
ðGé
àò$¹Ï;*¹3  1 ê:ë
áìÝ
í [24] ò¶ ¯ þî=Ð Sï
áìÝ
í$-¹6ﬁð ò
ñ:ò
ÆÊÇ ïê:ë ( óæ Hô ) ²*~õ;Ï %áìÝ %í	ò¶ ¯ þî GH ;7~ÇÐ)è ð%G%é
à*¹)ö:÷*øSæ/)ùú
­ [25] f%û:öSügøæ~6ý ­ [26] ²*(-Î*6Mþ¥O0Q*Rl~ò ß
ë
¾
²ñç*Æ ÇÐ  
*à
Sá$ì
( ·B
­
QÊÇ Å ¹ﬀ&3óS'
ð
Ê²!ﬂÏﬂ;¹8*9ﬀ;¹~Ï Ç
T$ë*ìí î
ï$ð
)Ö
e
 /²
¨SZ
Ö ò¶
¯
þî=Ð  
 
2.2.1  
 

 

2.1 ²
ê-ë-ì~íÊîcï*ð
;ñ'ñ:ﬂò
â
ÆﬂÐ
ê-ë-ì~íÊîcï$ð
;ñ-¹%8ﬀA²
ï$ð
²lﬀ
ëÊê* ë ? (Servo motor) ò%¹ÊÏ®¹ ¤ Ý í (Coupling) ²P(· ê/ë/ì í î
(Ball screw) 0 ëê*ë*? [%5îOQﬂÏÇÐ $ë*? *¢)²ﬀ(· ê-ë-ì~íÊî  ï$ð O
Q~¹
	

¥ (Nut) ²$;¢Sè ð %t ð è ð ²
ìO,Q~¹ Më*ì ; O,Q*R õ
ëTì (Table) ò ï$ð Æ ÇÐ ê-ë-ì~íÊî ¹ 	ë*? ²%&)-/¹ $ë*? ² ñ #S
(Support bearing) ; ñ #îOQﬂÏÇ¹ÊÏ  ñ:®òÏÇÐ  
 
TableBall screwCoupling
Servo motor BaseNutAnchor bracket
Support bearing
 
Fig. 2.1 Ball screw drive table 
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Tm , Motor torque 
xt , Displacement of the table  xn , Elastic displacement of nut part 
b , Angle of rotation of ball screw  m , Angle of rotation of motor 
Mt , Mass of the table   Mbs , Mass of the ball screw 
Jb , Ball screw inertia   Jc , Coupling inertia 
Jm , Rotor inertia    Kc , Torsional rigidity of coupling 
Kb , Rigidity of ball screw   Ks , Rigidity of support bearing 
Kg , Torsional rigidity of ball screw  Kn , Rigidity of nut 
Ct , Table sliding side viscous damping coefficient 
p , Lead 
Fig. 2.2 Machine model of ball screw drive table (Kyoto University method)[25] 
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Fig. 2.3 Machine model of ball screw drive table
(Tokyo University of Agriculture and Technology method)[26] 
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Fig. 2.4 Frequency response of Kyoto University method 
 
 
 
 
Fig. 2.5 Frequency response of Tokyo University of Agriculture and Technology method 
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Fig. 2.6 Experimental machine 
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Table 2.1 Status of experimental machine 
Maximum travel mm 302 
Root diameter mm 9.2 
Ball screw 
Lead mm 4 
Hole diameter(motor side) mm 8 
Hole diameter(ball screw side) mm 8 
Permissible torque N y m 3.5 
Torsional rigidity N y m/rad 2940 
Coupling 
Inertia kg y m2 0.12 z 10-4 
Support bearing Hole diameter mm 10 
Rated output W 100 
Rated torque N y m 0.318 
Peak output torque N y m 0.955 
Rated speed rpm 3000 
Maximum speed rpm 5000 
Servo motor 
Rotor inertia kg y m2 0.0364 z 10-4 
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Fig. 2.7 Frequency response of ball screw drive table (measurement) 
814Hz
2070Hz
 
Fig. 2.8 Frequency response of ball screw drive table (simulation) 
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Kp , Position loop gain  Kv , Velocity loop gain 
Ti , Integral time   s , Laplacian operator 

cmd , Position command 

m , Motor position 
Fig. 2.9 Block diagram of P-PI+LPF control system 
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(a) General view 
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frequency
1st natural
frequency
 
(b) Enlarged view 
Fig. 2.10 Root locus of P-PI+LPF control system
q
q q
q
Kv=286.5Hz r
r r
r 1/Ti=300 1/s r
r r
r fc=2000Hz s
s s
s  
R2 S T6U	V%WﬃXZY\[]1U_^MV-`bac_dfe\g1h/i:j/kfV:l6mon_p  23
t
è êcÐuvG
ÒÈ
Ù
Ïﬃ"%$ﬃ&
Çî
)ﬁw
ì3íîxy z ß!à
×Ø¯Ï÷3ø
ì3íî
ùú=Ï 4
{}|#~
)
ò
+
=
ﬀ
J
Ì
~
Ï×Ø
Ù
ºv
é/
Ó3ÔÂÖÕ (Notch filter) Ú/ ½» & Ç
Ú_
×
ÜÝ_ﬁ
):
 Ł
2J
ÝCÞ}
é1
Ó
ÔOÂ¯Õ?Ì-EÖåCZﬁ3ä
ê
Ó
ÔQÂ¯ÕÌ-E
åC/}
G ê
Ó;ÔÂÕ
ï
ü
:Jù;ñﬂÏ
ì;í3î>Aç
Ï-8
5Öº%Ł
2:J
ÝÞK00=v?
Ì
2000Hz
'(
Ï*ﬃ+ñ:
Ú%%
Ü¿B!º
é\
Ó
ÔQÂ¯Õ
Ú1#
ÜÝKÞ

 

2.11
º
P-PI ×
Ø ïÐ
ÁÑAÒÓ
ÔQÂ¯Õ!º
é1
Ó
ÔQÂ¯Õ
Ú%
½Q¿
×Ø
@
ÏÐAéG/
AÚ
¼3ÜÞ
 
Kp Kv
1
Tis

 	 
    	 
    	 
    	 
   
            
 	 
    	 
    	 
    	 
   
	
s

  
 
m
cmd
  
   
 
 	 
    	 
    	 
    	 
   
            
 	 
    	 
    	 
    	 
   

  
 
  
   
 
 
Fig. 2.11 Block diagram of P-PI+LPF 
 
 NF control system 
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(a) General view 
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(b) Enlarged view 
Fig. 2.12 Root locus of P-PI+LPF 
 
 NF control system
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Fig. 2.13  Root locus of P-PI+LPF+NF control system by cut off frequency
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(a) General view 
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frequency
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(b) Enlarged view 
Fig. 2.14 Root locus of P-PI+LPF 
 
 NF control system
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Fig. 2.15 Block diagram of proposed control system 
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Fig. 2.16 Composition of experimental system 
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Fig. 2.17 Position command 
 
Table 2.2 Specifications of the experimental system 
Ball screw drive table Mass of the table kg 1.0 
Motor Rated torque N ª m 
Peak output torque N ª m  
Rated speed rpm 
Maximum speed rpm 
0.318 
0.954 
3000 
5000 
Encoder Resolution pulse/rev 65536 
Controller Sampling time £ s 125 
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Fig. 2.18 Frequency analysis result of torque by conventional method 
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Fig. 2.19 Frequency analysis result of torque with notch filter 
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Fig. 2.20 Frequency analysis result of torque after adjustment for filter 
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Fig. 2.21 Frequency analysis result of torque by proposed method 
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Fig. 2.22 Time response of position 
Table 2.3 Control gains 
Parameter 
Method 
Kp 1/s Kv Hz Ti ms fc Hz fn Hz fl Hz 
Conventional method 220 210 4.45 2000 é
 
é
 
With notch filter 190 181 5.26 2000 1950 é
 
Adjustment for filter 550 293 5.00 4000 1950 é
 
Proposed method 650 306 5.00 4000 1950 360 
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(a) General view 
2nd natural
frequency
1st natural
frequency
 
(b) Enlarged view 
Fig. 2.23 Root locus of Proposed control system
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(a) General view 
 
(b) Enlarged view 
Fig. 2.24 Root locus of P-PI+NF control system
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Fig. 2.25 Frequency analysis result of torque without low pass filter 
\2 ] ^	_a`!bced#fgh_'ij`kmln'oqp#rhstvuwq`vx	y{z'|  42
2.6     
 
À
Á!Â=ÃóÄ9Æ;Ç}ôÁ

Âº
ê
A»3Ì*)î
Ï:á#&
Ú%
×
ÜÅÝ¿}B
Ï
ÓÔÂÕ
Ú
ð+
½Ì
ï
ïo#ﬁ
º»
¯#°
½OÌ
|,+
Ï! 
õ
Ú.-
¿
Þ
 
 

ÀÁÂÃÅÄSÆ3Çô
Á

Â¯º
ê
;»!Ì
w
ì3íîﬃxy
Ï"%$#&
Ç!î
Ï

×
º0/ ½Q»
é/
Ó
ÔÂ¯Õ
Ï

§?
$
=
ﬀ
Ý
)
ÌÓ3ÔQÂ¯Õ

º

Ì
×Ø
ãäÖå
Ï
~
Oﬃ)
+
)þ ÷ø!ú)8
+
ÜÝhÞß
)
ﬀ
ÝCÞ
 
 
	
Ó
ÔQÂ¯Õ
ïÐ
ÁÑAÒÓ!ÔQÂ¯Õ
Ï 2
é
Ï
Ó
ÔQÂ=Õ
Ú1#
½Q¿Þß=º
ê
»!Ì
Ð
ÁÑAÒ
Ó3ÔÂ¯Õ
Ïè±éÅê ë
ÓQìí!î
Ú
w
 
ð;ñ
ÜÝ0
ï
º

Ì
×Ø
Ù
Ï:w
ãä¯åh"
)
ï
I
=
þ
ÝÞ½
3
½QÌ
1 ÎÏ"%$#&
Ç
Ï
 
)
ý
þ
 
ß
ÝC¿vBÌ
èéÅê ë
ÓQìíî ?

ß
õ=ºKÜÝ
ð;ñ
ÜÝ2143
)
ﬀ
ÝCÞ
 
 

 ×Ø
Ù
º
&
Ç

ßﬃà±Ó
ÔÂÖÕ
Ú/#
½OÌ
×Ø
@
Ï!&,


Ú%
Ý0
ï
º

Ì
áﬃ&
Ï6587
Ú_
×
=
þ
¿
Þ
 
 

­v=?
×Ø
@
Ú
+ñ
" ½OÌ
×Ø
ãäÖå
Ú
w
 
ð;ñ
ÜÝ0
ï/)
=
þ
Ý¿BÌ

B
Ï'ñ
Ú®¯
­
 57%(17ms) ëì ÜÝ0 ï1) = þ ¿
Þ  
 
\3 ] 9.:<;>=@?'yBADCEFHGI¾yKJ<LMAONQPHROSÁkMT#oVU0WYXZ:2[<\]^ st<_oa`Bb2[.cBd'tﬃe  43
3 
 
	
 
             ! "  #             ! "  #             ! "  #             ! "  #  
 
 
AC
¨
ÁAÀ
Ï

u
©Ê
ÁﬂÕﬃ?
wf
à
ßMg4h
Ú
ï
I
ÜÝÆ3ÇÈ;É
ï
½Q»
ÌjivÈ4kãml
npo*qﬃîr

ß
 
Ï
t
è êcÐuvG
ÒÈ
Ù
º

§
­	J
»ﬁ=ÝCÞ½
3
½HÌÆ
Ç#ó
Ï

u
©Ê
ÁÕ!ºtsåvuº

ÝBwpx
é
ªCÂ
)ävå
ÜÖÝ
ï
Ì
8
ß
h
m
=?Ì
h

ß!à=ºv¤
)
å
ÄOÌ
ﬁ,f
à
)
ù  
ß
ÝCÞﬁ)4y=?ÌÊ
ÁÕ
Ï
tsåvuº
å
ÄÝb}
  ß!àv¤
Ú
EÖåC³ÑAÒÓ
ÔQÂ¯Õº
{z
½:0
J
Ú_
×
ÜÝ
×Ø
ÙÅÚ%
ÜÖÝ_­
Ï
¾½OÌ:ï
Èº

Ý#
 


Ú
}#çÖÝCÞ
 
 
3.1    	  	  	  	  
 
ÀÁÂÃ±ÄQÌ¤
éG
{|
uë
å
ß
 
Ï
Æ3ÇÈ;É=?QÈÉm3p}º
78~
ÜÝ0AÕÌ:E
éG
¤
é
ŁÌv
ú
v
ß
 
Ï
 
)M
õN
J
ß
3¿BÌ
w*f
à
ß0g,h
Ú
ï
I
ÜÝQÆ
ÇÈÉ
ï
½Q»!Ìpl*npo*qﬃîr
Ì
ù
ºMvvr

ß
 1=#?
AC
¨!Á;À
Ï

u
©Ê
ÁÕÆ
ÇÈÉ
)

§
­	J
»ﬁ=ÝCÞ½
3
½HÌâ
u
©Ê
ÁÕÆ
ÇÈ3É¯º
ê
»ﬂüÊ
ÁÕ
Ï
tsåvuº

Ý2wpx

é
ªCÂ
)
wpx
Ï
ø,
ï
½Q»§
ÜÝC¿BÌ
ù
º
8
ß
Ï
h

Çv=#?Ì
h

ß!à
Ï
v¤
)-å
ÄOÌ
ﬁ,f
à
)
ù  
ß
Ý
ï

ë
0
ï1)
ﬀ
ÝCÞ
 
AC
¨
ÁAÀâ
u
©Ê
ÁÕ
Ï
wpx 
é
ªÂ
Ï

×
º#?
"ñp ï

Ç

º
²
 ,mŁ4
x
Ï
ç*
Ú
Ç
Ï
v
º

N
p,
ºKÜÝ#0
ï1)
143=
ﬀ

ÌM
ú
o
Ú
Ç
v
óº

>Ü±Ýhý­AÌ,

÷
Ú%è
ÜÝhýﬃ­ﬃãAÒ8çCÁ
Ú
é
õ
Ýhýﬃ­
)
ﬀ
Ý
[28]-[30]
Þ

J
ü
u
©Ê
ÁÕmﬃî.wpxt.Mm t¡£¢.¤*¥§¦©¨«ª0¬v­®,¯±°j²Mv³,´8°M µ
¶3 · ¸.¹<º>»@¼6½B¾D¿ÀÁHÂÃ½KÄ<ÅM¾OÆQÇHÈOÉ	ÊMË2ÌVÍ0ÎYÏZ¹2Ð<ÑÒÓ{Ô.Õ<ÖvÌa×BØ2Ð.ÙBÚ6ÕﬃÛ  44
Ü4Ý±Þßáàãâ,ä*å©æ6çvèé*ê,³tëvìpí*î³8ïtð¥4¤*¥òñ*ó*ô ,´8°Mõ
 
ö4÷
³,ø*µvùpú>ûv>Þ*ü,ývþªm¦ßK¡£¢t° vè	
±ý8ß<©ûvªm¦
ß	2µ§óﬀﬁﬂv¯±°ﬃ "! #,¯±°Mõ$©ý%8ß<§ûvª8¦'&ðì(*)+-,
ú.%£$/102>35476ª0íp¯±°ﬃî78 9±"ﬂ;:4¯±°"<>=7?-ú@%£$/ﬂ;: Añ 
vè	-
ﬁﬂp¯±°CB;D?$ﬂ;: A±ªðvµE;>F;HGJIK<ð'ﬂ;:4¯±°ﬃ 8³,´8°Mõ
 
ö>÷
ª L,¥mðjµM!N#m¯ò°Cﬂ :	ﬃN	?7Ot*P©RQML ¦CSmµ7E?;T7UNVWX7Y±ªMZ4¥
ðH[7\©°õ
3.2 ]
³4ø*µ£R^7Otùjú>û ?`_Nat6J?Cb8¡ cNd ee>f,ùg±"h,¯mõ
3.3 ]
³4ø`!#4¯ °"ﬂ :iOMjP+Q-©ñﬂM:NAK?$k>l m>§h,¯>õ
3.4 ]
³4ø'TUªm¦
°ﬀ! #>?$n o 9±"VNWv¯±°Mõ;pq-?`X Y±,²8ñ6ª<ð
3.5 ]
³'rs4µ
3.6 ]
³
ö4÷
?
t
ñCuj[N\©°Mõ
 
 
¶3 · ¸.¹<º>»@¼6½B¾D¿ÀÁHÂÃ½KÄ<ÅM¾OÆQÇHÈOÉ	ÊMË2ÌVÍ0ÎYÏZ¹2Ð<ÑÒÓ{Ô.Õ<ÖvÌa×BØ2Ð.ÙBÚ6ÕﬃÛ  45
3.2  
         
           
         
           
         
           
         
             
 
AC v
ú-w£R^7O*ùjúûpª;Léæ4°,Þ*ü4ýpþ_NaYñøµ-xHyz ( {7| ³4´m°4ó8ñ. M},¥ )
ñﬀ~M7z (  ïé³,´m°,ó8ñ. M}j¥ ) ?N,ª"bm¡v¯ ° {N> a->ªm²mñR*ŁR~M7z?

7mª0íp¯±°ﬀ_aJ?'*®>µv¥>N8°0µ'_aJ?N-
'?éó4ñ0)«¯mõ
 
óH?Þvü8ý,þC_>a©øpµxMyNzYñ1~>z	4ª`Ł
{>	-
a?*ì £H~>z	?C 	ª
¦JM'7mª0¯±°,ó4ñ<³$> M~;m³,´8°'?v³vµ
 
 
• 
ï"ª*ß-N0úéH8æ,°Mõ
 
• {N|
ª*ß-N0úéH8æ,°Mõ
 
• 
ß-N0ú )¢¡,;£éþM¤4ýYà
{N|
ﬀ¥>Dmõ
 
• 
ß-N0ú;¦
{
6¯±°Mõ
 
• §¨
£éþM¤4ýYà
{N|
ﬀ¥>Dmõ
 
 
¤ª©"?'«
{
k7l8 ML©ó0¤'©°,ó4ñt²´8°Mõi1i2µ
 
 
• ¬;­
¤$®¯?
{N|
ø*µMÜ4Ý±Þßáà  M°$±©ªv¤m°Mõ
 
• 
Ü4ÝM² ³é³*ä*å©æ6çvè> p³,ªŁB¥,õ
 
• {N|
?`´7µ ¶éªm¦v°
{7·;¸
èJ?N¹ªZéït ,´8°Mõ
 
 
ñB¥ ¨aê, ,´8°$,>utµ$ºN»t²"qM¼?Mí ½>ﬃM8 $k7lM6©RL ßR?`oMYé $¾¿¢8ð¥°0µ
ñB¥ ¨¢4æt³,øv¤*¥,õ
 
ó`?>Þtü,ývþ"_aªm¦p°ﬀ_at.MJ?b8¡McNdMe	?Ce>fjù gø*µ;f (3.1) ?>¦©¨«ª
À
)R±°õ;f (3.1) ª;L,¥4ðpµ L Á N Á M øòﬀ^>O*ùjúéûx$n	?$6é³4´>°',-u*µ§Þ*ü8ýpþ
b8¡McNdMe fr ø*µ ~;Nz?$vè v ª$ÂMÃ<ðt¡£¢°,ó4ñ< N >°Mõ  
 
 
¶3 · ¸.¹<º>»@¼6½B¾D¿ÀÁHÂÃ½KÄ<ÅM¾OÆQÇHÈOÉ	ÊMË2ÌVÍ0ÎYÏZ¹2Ð<ÑÒÓ{Ô.Õ<ÖvÌa×BØ2Ð.ÙBÚ6ÕﬃÛ  46
( )
L
vMNLCMfr ×= , (3.1) 
 fr Ä Þtü,ývþﬀb8¡McNdMe (Hz) LCM(x,y) Ä x ñ y ?M¬ÅMÆÇe
L Ä
~;Nz?>Þ1ÈNÉ*)NÊÌËÎÍ
N Ä L Ï
?;Ð>þÑ£òàÒe
M Ä L Ï
?>Þ1È e
  v Ä
~;Nz vè (m/s) 
 
t
,jµ±Þümýjþ`_7a±øvµ ó'?Hc>dNeò`Ó
ö
c>dNeñ>6ðHÇ7e-c>dNeª?§²H?, ¡Y¢*°
ó4ñt²"}j¥,õó`?j´M,òß2ª Ôª<ð,ø*µ£+^NOùpú>ûM?Nx'y z4µ ~;z?$®¯8µHÕNm¤ª©
ª$ÖïJŁ×NØ»<ð¥°$,>u$'Ù©ªCÚ ÇNÛjìm HÖïJŁ«¡£¢°mñÜ	Ý*¤*¥pê, ,´8°Mõ
 
ö>÷
³;!N#m¯ò°$ﬃN§øvµ±Þümýjþ`_7a	E-?§²H?>C>4¯ °;?,³8ø,¤KŁ6µ©Þvü8ý,þC_
a C_Na©ª`Þ7a)ﬀ±°1ß-à ñﬀám¤i, ñïvª$ﬂ :J8³8´m°$~M>z ( t ,8øvµâjú-ãt-ä
?" vèª0íp¯±°å7æ©"j¯±°0µ ñB¥Y¨èçéß7à>ê;ëNìéﬂ;:í3+î4ª1,é²$?j´8°
ó4ñ1KBµÞtü,ývþ"_ aJ?'Öï)ø`ïðp¤>²`?©ñ<ð`ñá¨õHT>ò7?§ñ*ó*ôMµÞtü,ývþ"_
aJ?'Öï)ø$T ó»<ðMá4¤4æC¹  K<¤*¥©ó4ñ< ;}j¥,õ
 
óH?Þvü8ý,þC_>a?$b>¡Nc>dNe>ù7gp±ø7ô'õ-«7Mö ªìN÷ø)1 °Mù,ú§ûjª4´pðmø
t
°j²$?v³vµ$ù7úH  ûJuCﬂ;:§¤ª©6ª`D4¥j¢§°0ß â Mü*ývþ0ùpú>ût³,ø*µ$ý	?tù g> 
º>þ ñ.¤m°Mõ
 
 
¶3 · ¸.¹<º>»@¼6½B¾D¿ÀÁHÂÃ½KÄ<ÅM¾OÆQÇHÈOÉ	ÊMË2ÌVÍ0ÎYÏZ¹2Ð<ÑÒÓ{Ô.Õ<ÖvÌa×BØ2Ð.ÙBÚ6ÕﬃÛ  47
3.3        ! " # $ % & '   
     ( ) * +      ! " # $ % & '   
     ( ) * +      ! " # $ % & '   
     ( ) * +      ! " # $ % & '   
     ( ) * +       
, & ' - . / 0, & ' - . / 0, & ' - . / 0, & ' - . / 0  
 
3.3.1  
 
ö
]
³mø 1^>Ovù,ú§û?H_7a 0t±ªé¦,°R 	ß jèi
j`ﬁ>ﬂ¿C,°pçjè©¤0î
8©CT

¯±°$,>uM?$ﬂH:?NÛª'Zj¥,ð'[\©°Mõ


3.1
ªC! #,¯©°1ﬂ;: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"hj¯mõópó³
C1(s) ø  7mª0íp¯±°1ﬂ;:A (Feedback controller) ³vµ P-PI ﬂ;: Aµ
C2(s) øN Ûjìéª0íp¯±° P-P ﬂ;: Aª?NÛ ñ.¤N&ð¥°Mõ  
 
Calculation of 
cogging 
frequency
Band-
pass 
filter
vKpK
s
sTi
1
nM
1vK1pK
s
nM
Position 
command
Force 
command
Motor 
position
s
s C2(s)
C1(s)
 
C1(s)  Feedback controller C2(s)  Ripple controller 
Kp  Position loop gain of C1(s) Kv  Velocity loop gain of C1(s) 
Ti  Integral time   Mn  Nominal value of mass of moving part 
Kp1  Position loop gain of C2(s) Kv1  Velocity loop gain of C2(s) 
s  Laplacian operator 
Fig. 3.1 Block diagram of control system 
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(High pass filter) m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s
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Low pass filter High pass filter
 

1  Cut off frequency of low pass filter  2 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Fig. 3.2 Block diagram of band pass filter 
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M  Mass of moving part 
Fig. 3.3 Block diagram of P-P control 
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Fig. 3.4 Block diagram of P-PI control 
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Fig. 3.5 Experimental machine 
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Table 3.1 Specifications of the linear motor drive system 
  X-axis Y-axis(2-axis) Z-axis 
Motor Rated thrust N 
Peak output thrust N 
Mass of the table kg 
Pole pitch mm(360deg) 
4 
12 
1.5 
21 
8 
24 
4.6 
21 
4 
12 
0.3 
21 
Scale Resolution  m/pulse 0.5 0.5 0.5 
Controller Sampling time  s 250 250 250 
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(a) Velocity 0.1m/s 
acbed
agf
aih
akj
ail
d
l
j
h
f
bed
d dgm dgn dgmob dgmobpn dgm l dgm lqn dgm r
sut vxwXy
z {|
} ~
}
{


{

 
 
(b) Velocity 0.05m/s 
Fig. 3.6 Position error by thrust ripple 
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Table 3.2 Control gains 
Feedback 
controller 
Position loop gain Kp 1/s 
Velocity loop gain Kv Hz  
Integral time Ti ms 
Thrust filter(Low pass filter) Hz 
60 
45.6 
16.7 
160 
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Table 3.3 Control gains 
Ripple 
controller 
Position loop gain Kp1 1/s 
Velocity loop gain Kv1  Hz  
90 
66.9 
Feedback 
controller 
Position loop gain Kp 1/s 
Velocity loop gain Kv Hz  
Integral time Ti ms 
Thrust filter(Low pass filter) Hz 
60 
45.6 
16.7 
160 
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(a) Velocity 0.1m/s 
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(b) Velocity 0.05m/s 
Fig. 3.7 Position error by thrust ripple 
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Table
Base
Leveling bolt
f
-f
xt
xb
Cb
K
Base
Table
x=xt-xb
(a)
(b)
 
f  Thrust 
K  Rigidity of the leveling bolts Cb  Damping rate of the leveling bolts 
Mt  Mass of the table  Mb  Mass of the base 
xt  Displacement of the table xb  Displacement of the base 
x  Relative displacement of the table and the base 
Fig. 4.1 Base vibration model of linear motor driving system 
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Fig. 4.2 Block diagram of base vibration system 
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(Rigidity of the leveling bolts)K qAí8]g¾?¸IÌ":cP (Damping rate of the leveling bolts)Cb
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Fig. 4.3 Block diagram of control system 
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(a) Time response of position motion command xcmd and position output x 
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Fig. 4.4 Time response of motion command and output 
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Fig. 4.5 Experimental machine 
 
Table 4.1 Specifications of the linear motor drive system 
Motor Rated thrust N 
Peak output thrust N 
Mass of the table kg 
Mass of the base kg 
Maximum travel m 
160 
440 
6 
63 
1.7 
Scale Resolution é m/pulse 1.0 
Controller Sampling time é s 125 
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Fig. 4.6 Base vibration mode 
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5
Command pattern A 6  
Acceleration  1.0G 
Maximum speed  2m/s 
Travel   400mm 
Operation time  400ms 
 
5
Command pattern B 6  
Acceleration  2.5G 
Maximum speed  2m/s 
Travel   400mm 
Operation time  281.5ms 
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Table 4.2 Control gains 
Response 
Filter 
 rad/s 560 
Feedback 
Controller 
Position loop gain Kp 1/s 
Velocity loop gain Kv Hz  
Integral time Ti ms 
110 
80 
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(b) Displacement of the base 
Fig. 4.7 Time response for command pattern A 
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(b) Displacement of the base 
Fig. 4.8 Time response for command pattern B 
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5
Command pattern C 6  
Acceleration  1.5G 
Maximum speed  2m/s 
Travel   400mm 
Operation time  335.875ms 
 
5
Command pattern D 6  
Acceleration  2.0G 
Maximum speed  2m/s 
Travel   400mm 
Operation time  300ms 
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(b) Displacement of the base 
Fig. 4.9 Time response for command pattern C 
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(b) Displacement of the base 
Fig. 4.10 Time response for command pattern D 
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